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Edited by Giulio Superti-FurgaAbstract Overlooked until recently, mitochondrial protein
phosphorylation is now emerging as a key post-translational
mechanism in the regulation of mitochondrial functions. In par-
ticular, tyrosine phosphorylation represents a promising ﬁeld to
discover new mechanisms of bioenergetic regulation. Tyrosine
kinases belonging to the Src kinase family have been observed
in mitochondrial compartments, however their substrates are
almost unknown.
Here, we provide evidence that the ﬂavoprotein of succinate
dehydrogenase and aconitase are ‘‘in vitro’’ substrates of Fgr
tyrosine kinase. Fgr phosphorylates ﬂavoprotein of succinate
dehydrogenase at Y535 and Y596 and aconitase at Y71, Y544
and Y665. The signiﬁcance of these ﬁndings is discussed.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Overlooked until recently, mitochondrial protein phosphor-
ylation is emerging in diﬀerent signalling pathways as an
important mechanism to modulate mitochondrial functions
[1]. In particular mitochondrial Ser/Thr phosphorylation has
been investigated with the identiﬁcation of diﬀerent kinases
and phosphatases in mitochondrial compartments [1]; indeed
a ﬁrst draft of mitochondrial Ser/Thr phosphoproteome has
been recently published [2].
Tyrosine phosphorylation has also been implicated in mito-
chondrial signalling. In particular, this mechanism has a role in
modulating the energetic state of a cell by the modiﬁcation of
mitochondrial proteins [3]. To date only tyrosine kinases
belonging to the Src kinase family have been observed in mito-
chondrial compartments: Lyn and c-Src, Fgr and Fyn [4–7].
Baron and co-workers ﬁrst highlighted the role of c-Src in
regulating the activity of the mitochondrial electron transport
chain in acting on subunit II of cytochrome c oxidase (COX)
[5].Abbreviations: COX, cytochrome c oxidase; FpSDH, ﬂavoprotein of
succinate dehydrogenase; RBM, rat brain mitochondria
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doi:10.1016/j.febslet.2007.11.005The association of c-Src with mitochondria is dependent on
the presence of at least two anchoring proteins: AKAP121 [7]
and Dok-4 [8]. AKAP121 enhances mitochondrial membrane
potential and ATP oxidative synthesis in an c-Src-dependent
manner [7]. Increased targeting of c-Src to mitochondria by
Dok-4 is associated with a decrease of the expression of Com-
plex I, strictly dependent to the activity of the c-Src kinase
activity, modulating also the subsequent production of reactive
oxygen species [8].
Mitochondrial tyrosine kinase activity should be counter-
acted by the presence of tyrosine phosphatases. A pool of
the tyrosine phosphatase shp-2 has been described in rat brain
mitochondria [9] and Dixon and collaborators discovered a
member of the dual-speciﬁc protein tyrosine phosphatase
(DS-PTP) family, PTPMT1 (PTP localized to the Mitochon-
drion 1) with an almost exclusive mitochondrial localization
[10]. PTPMT1 is found anchored to the matrix face of the in-
ner membrane. Knockdown of PTPMT1 expression in the
pancreatic insulinoma cell line INS-1 832/13 alters the mito-
chondrial phosphoprotein proﬁle and markedly enhances
ATP production [10] underlining the role of mitochondrial
tyrosine phosphorylation in energy production.
Although these lines of evidence have shed new light on the
importance of tyrosine phosphorylation in mitochondria, only
a modest number of mitochondrial-tyrosine phosphorylated
proteins have been characterized to date. COX is a well-
deﬁned target of c-Src with a stimulatory eﬀect on the activity
of the enzyme [5] but the site/s have/has not been identiﬁed.
Another group reported the tyrosine phosphorylation of
COX on Y304 of the catalytic subunit I by an unidentiﬁed
kinase and upon activation of the cAMP-dependent pathway,
leading to opposing eﬀects on the activity of the enzyme [11].
Recently, new mitochondrial proteins have been identiﬁed by
diﬀerent mass proteomics approaches as tyrosine phosphory-
lated and the phosphorylation sites have been reported. These
included cytochrome c [12], enzymes of the tricarboxylic cycle
such as malate dehydrogenase, succinate CoA-ligase [13], long
chain acyl CoA synthetase 1 and VDAC [14]. Further investi-
gations are necessary not only to identify new mitochondrial
tyrosine phosphorylated proteins, but also to identify which
kinases are involved in phosphorylating them.
Here, we identiﬁed the ﬂavoprotein of succinate dehydro-
genase and aconitase as ‘‘in vitro’’ substrates of Fgr tyrosine
kinase by applying the KESTREL analysis [15,16]. Fgr
phosphorylates ﬂavoprotein of succinate dehydrogenase at
Y535 and Y596 and aconitase at Y71, Y544 and Y665. The
signiﬁcance of these ﬁndings are discussed.blished by Elsevier B.V. All rights reserved.
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2.1. Materials
Anti-phosphotyrosine monoclonal antibodies were purchased from
ICN Biotechnology, amino-5-(4-chlorophenyl)-7-(t-buthyl)pyrazolo-
[3,4d]pyrimidine (PP2) from Boehringer. The synthetic peptide cdc-2
(KVEKIGEGTYGVVYK) was kindly provided by Dr. O. Marin
(University of Padova, Italy). Other reagents were purchased from
Sigma.2.2. Enzymes
Lyn and Fgr were isolated from rat spleen and further puriﬁed as
described [17].2.3. Isolation and puriﬁcation of rat brain mitochondria
Rat brain mitochondria (RBM) were puriﬁed by the Ficoll gradient
method as described previously [4]. Brieﬂy, rat brain (cerebral cortex)
was homogenized in isolation medium (320 mM sucrose, 5 mM
HEPES, 0.5 mM EDTA, pH 7.4; 0.3% BSA was added during homo-
genisation and the ﬁrst step of puriﬁcation) and subjected to centrifu-
gation (900 · g) for 5 min. The supernatant was centrifuged for 10 min
at 12000 · g, to precipitate crude mitochondrial pellets. The pellets
were resuspended in isolation medium plus 1 mM ATP and layered
on top of a discontinuous gradient, composed of 2 ml of isolation med-
ium containing 16% (w/v) Ficoll, 2 ml of isolation medium containing
14% (w/v) Ficoll, 3 ml of isolation medium containing 12% (w/v)
Ficoll, and 3 ml of isolation medium containing 7% (w/v) Ficoll. The
gradient was centrifuged for 30 min at 75000 · g. Mitochondrial
pellets were suspended in isolation medium and centrifuged for
10 min at 12000 · g. Again the pellets were suspended in isolation
medium without EDTA. Protein content was measured by the biuret
method with bovine serum albumin as a standard.
Mitochondria were isolated without using phosphatase inhibitors to
favour protein dephosphorylation.2.4. Chromatography of mitochondrial extracts
Mitochondrial proteins (300 mg) were solubilized for 1 h at 4 C in
the following medium: 30 mM Tris–HCl pH 7.5, 2 mM EGTA,
2 mM EDTA, 2 mM DTT and 3% Triton X-100. The extracts were
chromatographed on Source Q using a linear salt gradient (0–1 M
NaCl). The ﬂow through of the Source Q was put directly on a Source
S column using a linear salt gradient (0–1 M NaCl). The ﬂow through
of Source S was put directly on a HiTrap Heparin column using a dis-
continuous salt gradient (0–1 M NaCl). All the fractions obtained were
phosphorylated as described below.2.5. Assays of protein kinases
Aliquots of each fractions were diluted with 9 vol of 30 mM Tris–
HCl pH 7.5, 10 mM MnCl2, 0.1 mM EGTA, 0.1% (v/v) 2-mercap-
toethanol. Aliquots (25ll) were then incubated for 5 min at 30 C with
or without 10 mU of Fgr or Lyn and 2.5 · 106 cpm of 20 nM [c-32P]
ATP in a total volume of 0.03 ml. The reactions were stopped by the
addition of 0.25 vol of 320 mM Tris–HCl pH 6.8, 8% (w/v) SDS,
20 mM EDTA, 32% (v/v) glycerol, 1.14 M 2-mercaptoethanol, 0.02%
(w/v) bromophenol blue heated for 3 min at 100 C, subjected to
SDS–PAGE, electroblotted onto Immobilon P membranes, subjected
to treatment with NaOH (2 M NaOH at 55 C for 1 h) and autoradio-
graphed to reveal substrate proteins.2.6. Mass spectrometry
Tryptic peptides were analysed on a Applied Biosystems (Framing-
ham, MA) 4700 Proteomics Analyser (MALDI-TOF-TOF) mass spec-
trometer with saturated a-cyanocinnamic acid as the matrix. The mass
spectrum was acquired in the reﬂector mode and was internally mass
calibrated. The tryptic peptide ions and their corresponding tandem
msms daughter ions were searched against SwissProt and NCBInr dat-
abases using Mascot (MatrixScience) run on a local server.
The sites of phosphorylation within the peptides from aconitase
were determined by solid-phase Edman sequencing of peptides coupledto a Sequelon-arylamine membrane (Milligen) as described previously
[18]. The 32P radioactivity released after each cycle of Edman degrada-
tion was counted.3. Results and discussion
To identify new mitochondrial substrates of tyrosine kinases
belonging to Src family, we used the KESTREL method (ki-
nase substrate tracking and elucidation) [15,16]. We utilized
a puriﬁed mitochondrial extract from rat brain because a pre-
vious tyrosine kinase assay on the generic tyrosine kinase sub-
strate PolyGlu Tyr(4:1), has demonstrated that the activity of
Src kinase members is much higher in brain rat mitochondria
than in mitochondria puriﬁed from mouse liver and heart
(results not reported). We utilized two diﬀerent tyrosine
kinases, Fgr and Lyn, both belonging to Src tyrosine kinase
family.
Mitochondrial extracts were fractionated on Source Q. The
ﬂow through of the Source Q was put directly on a Source S col-
umn. All the fractions obtained were subjected to kinase assay
and aliquots of each fractions were incubated with Mg2+ and
ATP in the absence or presence of Lyn or Fgr tyrosine
kinases. The activities of the two kinases were matched
towards the synthetic peptide substrate cdc-2, with the aim of
trying to detect proteins that are phosphorylated speciﬁcally
by just one of these kinases. Phosphorylated fractions were
run on SDS-gels, subjected to Western blotting on a PVDF
membrane, and exposed to X-ray ﬁlms. To decrease endoge-
nous Ser/Thr phosphorylation and to reduce the background
phosphorylation, the PVDF membranes were ﬁrst subjected
to NaOH treatment (see Section 2).We screened all the fractions
and analysed radio-labelled proteins bands. The screening of
Source Q and S fractions revealed several bands mainly phosp-
orylated by Fgr tyrosine kinase (Fig. 1A and B). Two bands of
90 and 70 kDa, phosphorylated almost exclusively by Fgr tyro-
sine kinase, which were detected in the ﬂow through of Source Q
and S, respectively, were further puriﬁed on a heparin column
(Fig. 1C) and phosphorylated by Fgr as described above. The
two labelled proteins eluted together between 0.16 and 0.2 M
NaCl (Fig. 1C). Phosphoaminoacid analysis of these bands
revealed the presence of 32P-Tyr only (results not reported).
The two fractions were collected and phosphorylated further
in vitro. However, in order to achieve stoichiometric phosphor-
ylation, the concentration of [c-32P] ATP was increased to
0.1 mM and its speciﬁc radioactivity decreased to 106 cpm/
nmol. The two bands were excised and subjected to tryptic
digestion, followed by Mass Spectrometry. The 70 kDa sub-
strate protein was identiﬁed as ﬂavoprotein of succinate
dehydrogenase (FpSDH) and the 90 kDa substrate protein
was identiﬁed as mitochondrial aconitase (see Tables 1 and 2,
respectively). For aconitase, three phosphopeptides were identi-
ﬁed by Tandem MS-sequencing (WVVIGDENyGEGSSR;
IVyGHLDDPANQEIER; SDFDPGQDTyQHPPK, where y
is phosphotyrosine; see Fig. 2). The phosphorylation sites on
aconitase were further conﬁrmed by Edman degradation
(Fig. 2). To enhance the detection of phosphopeptides, the
two fractions were enriched further using immobilized metal-
aﬃnity chromatography (IMAC). For aconitase no further sites
were identiﬁed, but for FpSDH, two phosphopeptides
(VSQLyGDLQHLK and IDEyDYSKPIEGQQK) were identi-
ﬁed by TandemMS-sequencing (Fig. 3). In summary, the results
AB
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Fig. 1. Detection of substrates for Fgr and Lyn in mitochondrial extracts from rat brain.
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at Y535 and Y596, and aconitase at Y71, Y544 and Y665
‘‘in vitro’’.
Evidence for the phosphorylation of aconitase and FpSDH
has been reported previously. These proteins have been iden-
tiﬁed as 32P-spots in two-dimensional separation of extracts
of mitochondria from pea [19]. Both proteins from rat heart
mitochondria, fractionated with sucrose gradient, were
stained with the phosphosensor dye, Pro-Q-Diamond, with
a ratio to Sypro Ruby dye staining more than 1.5 times the
average background [20]. Also, in a two-dimensional gel anal-
ysis of porcine heart mitochondrial extracts, both proteins
were stained with Pro-Q Diamond and the isoelectric shift
pattern of these proteins was consistent with phosphorylation
[21]. Other experimental evidence has been reported regarding
the phosphorylation of mitochondrial proteins on tyrosine
residues. High resolution two-dimensional SDS–PAGE, in
conjunction with two-dimensional immunoblot analysis with
anti-Ptyr antibody of guinea pig brain synaptosomes, exposed
in vivo to normoxic or hypoxic conditions, has been reportedby Bracci and coworkers [22]. They reported that three of the
four spots belonging to the isoelectric series and identiﬁed as
aconitase were tyrosine-phosphorylated in both normoxic and
hypoxic conditions. The fourth, and most acidic spot, was
phosphorylated in hypoxic conditions only. Moreover separa-
tion of mitochondrial respiratory chain complexes from rat
brain mitochondria by blue native PAGE also revealed the
ﬂavoprotein of succinate dehydrogenase as a spot immunore-
active to anti-P-Tyr antibody [6].
A Clustal X alignment of the sequences of the P-Tyr sites re-
veal that all the three sites in aconitase are located in a region
that is highly conserved in all eukaryotes (see Table 3). This
implies that the modiﬁcation of these sequences by phosphor-
ylation could be of some importance for the stability and/or
for the enzymatic activity of the protein. Moreover, aconitase
is not only part of the Krebs cycle, but is also responsible for
the metabolic regulation of iron and functions to stabilize
mitochondrial DNA, suggesting that its phosphorylation
could have multiple eﬀects [23]. Succinate dehydrogenase is
also a very important enzyme because it is a component of
Table 2
Identiﬁcation of the 70 kDa substrates for Fgr as ﬂavoprotein of succinate dehydrogenase
Mass submitted Matched Start End Peptide sequence
1070.5530 1070.5612 608 615 KPFAEHWR
1122.5901 1122.5930 243 253 NTIIATGGYGR
1149.5469 1149.5439 510 519 SMQSHAAVFR
1318.7365 1318.7371 629 639 VTLDYRPVIDK
1329.6757 1329.6799 305 317 GEGGILINSQGER
1354.7225 1354.7212 188 199 TGHSLLHTLYGR
1473.8423 1473.8444 444 457 LGANSLLDLVVFGR
1539.7947 1539.7919 225 238 GVIALCIEDGSIHR
1627.8108 1627.8107 640 654 TLNEADCATVPPAIR
2167.1406 2167.1589 354 371 DHVYLQLHHLPPEQLATR
2929.4690 2929.4678 39 67 VSDAISTQYPVVDHEFDAVVVGAGGAGLR
The 32P-labelled 70 kDa substrate was excised from the gel, digested with trypsin and analysed as described in Table 1.
Table 1
Identiﬁcation of the 90 kDa substrates for Fgr as mitochondrial aconitase
Mass submitted Matched Start End Peptide sequence
837.4941 837.4994 402 409 QALAHGLK
854.473 854.4648 694 700 IHETNLK
922.4741 922.4752 672 679 EHAALEPR
935.4944 935.4957 430 437 DGYAQILR
982.5679 982.5684 694 701 IHETNLKK
985.5101 985.5159 371 378 EGWPLDIR
988.5057 988.5132 556 564 VDVSPTSQR
1067.548 1067.5496 466 474 NTIVTSYNR
1102.6143 1102.6031 565 573 LQLLEPFDK
1170.6841 1170.6852 59 68 LNRPLTLSEK
1199.6881 1199.6824 578 587 DLEDLQILIK
1225.6058 1225.6040 524 534 LEAPDADELPR
1268.6157 1268.6140 507 517 FNPETDFLTGK
1326.7852 1326.7896 58 68 RLNRPLTLSEK
1463.7488 1463.7477 412 424 SQFTITPGSEQIR
1500.7692 1500.7688 522 534 FKLEAPDADELPR
1556.7526 1556.7365 592 605 CTTDHISAAGPWLK
1565.7416 1565.738 32 44 VAMSHFEPSEYIR
1581.7366 1581.7347 32 44 VAMSHFEPSEYIR
1601.7917 1601.7898 634 648 NAVTQEFGPVPDTAR
1667.7659 1667.7617 657 671 WVVIGDENYGEGSSR
1731.7609 1731.7598 535 549 SDFDPGQDTYQHPPK
1747.7322 1747.7246 657 671 WVVIGDENYGEGSSR
1753.8755 1753.8707 145 160 DINQEVYNFLATAGAK
1778.8959 1778.9009 702 717 QGLLPLTFADPSDYNK
1811.7272 1811.7260 535 549 SDFDPGQDTYQHPPK
1861.8054 1861.7975 379 395 VGLIGSCTNSSYEDMGR
1868.9137 1868.9089 69 84 IVYGHLDDPANQEIER
1948.8800 1948.8826 69 84 IVYGHLDDPANQEIER
1953.0076 1953.0070 143 160 AKDINQEVYNFLATAGAK
2032.9739 2032.9796 143 160 AKDINQEVYNFLATAGAK
2158.0168 2158.0032 438 457 DVGGIVLANACGPCIGQWDR
2219.1777 2219.1660 608 628 GHLDNISNNLLIGAINIENGK
2386.1450 2386.1406 96 117 VAMQDATAQMAMLQFIS
2780.4463 2780.4495 480 506 NDANPETHAFVTSPEIVTALAIAGTLK
The 32P-labelled 90 kDa substrate was excised from the gel, digested with trypsin and analysed on an Applied Biosystems 4700 Proteomics Analyser
Maldi-TOF-TOF mass spectrometer with saturated a-cyannocinnamic as the matrix [18]. The mass spectrum was acquired in the reﬂector mode and
was internally mass calibrated. The tryptic peptides ions obtained were scanned against the Swis-Prot and NCBinr database using the MS-FIT
program of Protein Prospector.
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impairment of the activity of this enzyme has been correlated
with several pathologies (for review see [24]). A Clustal X
alignment of the sequences of the P-Tyr sites, identiﬁed in
fpSDH, shows that the two phosphorylation sites are well
conserved only in vertebrates and Drosophilla (Table 4). Thetwo sites are located at the C-terminus of the protein, a region
that has not yet been assigned a precise function [25].
Further experiments will be necessary to verify if Fgr is the
tyrosine kinase responsible for the tyrosine phosphorylation of
these proteins in vivo and to elucidate the role of these phos-
phorylations.
Fig. 2. Identiﬁcation of the residue in aconitase phosphorylated by Fgr in vitro.
Fig. 3. Identiﬁcation of the residue in SDH phosphorylated by Fgr in vitro.
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Table 3
Clustal X analysis of aconitase sites phosphorylated by Fgr
Table 4
Clustal X analysis of ﬂavoprotein sites of succinate dehydrogenase phosphorylated by Fgr
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